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SPECIFICATION 



TO ALL WHOM IT MAY CONCERN: 

BE IT KNOWN THAT WE, SIEGFRIED GINTER of Teichackerweg 
13, D-76297 Stutensee, Federal Republic of Germany, MARKO UEBLER of 
Hirechstrasse 47, D-75015 Bretten, Federal Republic of Germany, THOMAS DREYER 
of Ludwig-Wilhelm-Strasse 12, D-76131 Karlsruhe, Federal Republic of Germany and 
RAINER RIEDLINGER of Am Hubengut 1, D-76149 Karlsruhe, Federal Republic of 
Germany, all German citizens, have invented certain new and useful improvements in a 
METHOD FOR EFFECTING LOCAL INCREASES IN TEMPERATURE INSIDE 
MATERL\LS, PARTICULARLY BODY TISSUE of which the following is a 
specification: 



BACKGROUND OF THE INVENTION 



With the therapy of soHd tumors, in surgery those treatments which preserve the 
organ are asserting themselves more and more. In these cases, the therapeutic appHcation 
of highly intensive ultrasound (US) represents a very promising alternative form of 
therapy [15, S.1104]. By way of the extracorporal application of highly intensive, 
focused US (HIFU = High Intensive Focused Ultrasound), one may also thermally 
destroy tumors situated deep in the body, in a non-invasive manner. Thus the application 
of HIFU is suitable for a multitude of possible tumor diseases, such as for the treatment 
of tumors of the breast, the prostate, the kidney, the bladder and the liver [8]. The 
advantage of therapy with ultrasound in comparison to convention tumor treatment 
above all lies in the manner of acting which is gentle to the patient and the high 
acceptance by the patients as a result of this. 

The basic manner of acting is shown in Figure 1. A focusing US-emitter radiates 
highly intensive ultrasound. The ultrasound is coupled into the body via a prior stretch of 
water and is concentrated into the focus region. The tumor to be treated is located here. 
The absorption of the ultrasound in the tissue leads to a heating. The therapeutic effect of 
the ultrasound field is at its maximum in the focus region. With ultrasonic thermo- 
therapy (USTT), local temperatures in the tumor of approx. 70-90°C are desired, which 
within seconds induce a thermo-necrosis in the focus region (necrosis spot), whilst 
simultaneously avoiding an overheating of the tissue surrounding the tumor. A complete 
treatment of the tumor is effected by way of the pointv^se joining of individual necrosis 
spots. The probability of the thermally caused cell death depends on the achieved 
temperature and its effective duration. Apart from this thermal effect, other mechanical 
effects e.g. due to cavitation (formation of cavities filled with gas and vapor) are also 
present. 

The application of ultrasoimd thermo-therapy nowadays entails the following 
problems: 

• A targeted local necrosis production demands an exact metering of the 
therapy in order not to produce any undesired bums, so-called "hot spots" 
in the tissue located in fi'ont or the tissue surrounding the tumor, but 
despite this needs to achieve an adequate heat in the focus region for the 
thermo-therapy. This problem with regard to the metering (dosage) is the 
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limiting factor in many fields of application and prevents this therapy 
from being established quickly. Indeed with the treatment of deeply lying 
tumors, due to the handling ability of the apparatus or the limitation of the 
US-window into the human body, as a rule weakly focusing US emitters 
are applied. These with respect to greatly focusing systems display a 
significantly worse localization of the heating (Figure 2). Thus for the 
application in practice there results only a very limited region for the 
correct choice e.g. the heating time for the production of a necrosis spot, 
without leaving behind undesired "hot spots" in the tissue located in front 
and undesired "cold spots" in the region to be treated. Figure 2 
emphasizes the term of the localization of heating. The localization 
results as a quotient of the maximum of the heat source in the focus 
region and the maximum of the heat source in the tissue located in front. 

• The treatment of a complete tumor is effected by a pointwise joining of 
individual thermo-necroses (scanning). One problem of ultrasonic 
thermo-therapy which has not been solved until now is the long therapy 
duration which has been necessary for the treatment of a large volume of 
tumor. In order to prevent thermal accumulation effects and thus 
overheating in the "tissue located in front", a pause duration must be 
momentarily maintained between the individual ultrasound applications, 
which drastically increases the actual desired application duration of the 
therapy. 

• The question as to whether thermo-ablation by way of focused US leads 
to an increased metastasization has not been conclusively answered. Up 
to now however, one may assimie that no increased metastasization rate 
occurs if only thermal energy and no mechanical cavitations occurs in the 
tumor [11, 14], For this reason, the mechanical loading of the tissue on 
account of cavitation must be kept as low as possible. 

At present, for heating or for overheating the tissue in USTT, exclusively mono- 
frequency CW (continuous wave) pressure signals are radiated from the US-emitter. The 
selection of the amplitude and the frequency of the US-signal is effected in dependency 
on the position of the tumor on the basis of simple, linear considerations as well as the 
evaluation of extensive in vitro and in vivo experiments [13, 7]. Since the US-damping 
typical for soft tissue increases exponentially with the frequency, as a rule for the USTT 
of tumors close to the surface one selects CW sine signals with higher frequencies and 
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lower amplitudes. If the tumors lie deeper in the tissue, the frequency is usually slightly 
reduced in order to increase the penetration depth of the US. By way of the reduction of 
the frequency with a constant aperture of the emitter, the focusing effect for the 
treatment of deeply lying tissue is weakened ftirther and thus the localization of the 
heating is worsened even more. The "optimal" amplitudes and frequencies until now 
have been selected exclusively on account of linear considerations such that the attained 
heating is only achieved on account of the damping of the base frequency of the signal 
[13, 7]. In order to avoid undesired cavitation effects, sine signals with low amplitudes 
are applied. With CW sinusoidal signals the cavitation probability increases with a 
reducing frequency of the signal and with an increasing pressure amplitude (i.e. also 
increasing expansion component of the pressure wave). High-pressure amplitudes, 
which lead to non-liner steepening effects of the US-waves are therefore generally 
avoided. Thus as a rule only linear effects play a part with regard to heating. This means 
that on heating deeply lymg tissue, as is desired in USTT, and undesirable high thermal 
loading in the tissue located in front is difficult to avoid. 

In order to be able to cany out a change in the emitting frequency depending on 
the treatment depth without a mechanical exchange of the therapy head, a multi- 
frequency therapy apparatus has been put forward in the US patent 5,460,595. 

By way of this however, the general metering (dosage) problems with the 
treatment of deeply lying tumors, such as the undesirable heat accumulation effect in the 
tissue located in front or the poor locaUzation of the heating are not alleviated. 

In [1] a phased array US emitter is suggested with which simultaneously one is 
able to set several temperature foci in the tissue. It is shown that by way of this the 
achieved necrosis spot of a scan point is significantly increased and thus the therapy time 
may be reduced. By way of the targeted broadening of the focal area onto several 
adjacent foci however, simultaneously the localization of the heating is reduced which 
fiirther intensifies the problem of metering (dosage). In order to solve this problem in 
practice, accompanying the therapy, here one must apply a non-invasive monitoring of 
the temperature, which at the same time is supposed to help in mastering the balancing 
act with regard to the metering (dosage). For this, apart from picture-providing US one 
mostly applies MR tomography. This renders the originally inexpensive US therapy 
method very expensive. 

One idea which reduces the heat accumulation in the tissue located in front is 
based on a special application of the temporally subsequent necrospots on scanning the 



tumor volume [12]. The choice is selected such that an as large as possible time duration 
lies between the production of adjacent necrosis spots in which an attenuation of the 
temperature may be effected. Thus the pause time between the application of the 
individual necroses may be further reduced. 

The ideas based on linear considerations are rigidly coupled to the use of CW 
sine signals, and on account of the selection of the suitable frequency, permit the 
attainment of an optimum of the penetration depth and heating on account of linear 
estimations. This, for the localization of the heating, leads to sub-optimal results. For the 
practical application of the therapy it means that on the one hand the USTT of deeply 
lying tumors without expensive monitoring is not possible without "hot spots" or "cold 
spots". Furthermore, due to the poor localization of the heating one must provide 
adequate pause time between the individual thermo-necroses for cooling, which for its 
part unacceptably increases the duration of the therapy. The idea [12] only attempts to 
alleviate the negative effects of this sub-optimal result on production of a necrosis spot, 
specifically the imdesired increased thermal loading of the tissue located in front, by way 
of skilful scanning algorithms on treatment of the complete tumor. 

None of the above suggestions leads to an improvement of the localization of the 
heating, i.e. for an increase of the ratio of the maximum of the heat source in the focus 
region to the maximum of the heat source in the forward situated tissue on production of 
a necrosis spot. 

SUMMARY OF THE INVENTION 

The aim of this invention lies in a direct improvement of the localization of the 
heating with the targeted use of non-linear US propagation effects. By way of this, on 
the one hand the balancing act on metering (dosing) is drastically alleviated even with 
deeply lying tumors so that a practical treatment is possible even without expensive 
online monitoring. On the other hand by way of an improved localization one may also 
achieve a significantly lower thermal loading of the tissue located in front with the 
simultaneous necrotization of the tumor, and thus the pause time between the individual 
necrosis spots may be significantly reduced. This finally should lead to an optimization 
of the USTT which is rendered noticeable m the practical handling of the therapy and 
well as contributing to the further care of the patient. 

A method achieving this object is specified in claim 1. The dependent claims 
relate to further advantageous method steps. 
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DETAILED DESCRIPTION 



According to the invention, thus for the increased production of heat as a result 
of acoustic absorption such sound signals are generated in the target area which are 
radiated by an individual sound emitter and which are not produced by way of the 
radiation of a smgle sinusoidal pressure-time signal, and whose pressure-time course in 
the target region is neither sinusoidal nor has the same magnitude of pressure and 
expansion ampUtudes, but are designed in a manner such that the magnitudes of the 
pressure amplitude are larger than those of the expansion amplitudes and that the 
pressure-time course with respect to the idle pressure condition of the material is 
designed adapted asynunetrically to the non-linear elastic and non-linear absorbing 
properties of the material to the extent that, with the focused propagation of soxind in 
cooperation with the non-linear elastic and non-elastic absorbing properties of the 
material, it produces a local gain in heating in the target region in comparison to 
sinusoidal signals having the same power. 

The pressure-time course in the target region may alternatively be created by way 
of the superposition of several mono-frequency signals, by way of producing 
asynunetrical sound signals and by way of frequency-modulated chirp signals which in 
each case are delivered by a sound emitter. 

On the other hand the pressure-time course in the target region may be created by 
superposition of asymmetrical sound signals with at least one mono-frequency sound 
signal or by way of superposition of frequency-modulated chirp signals with at least one 
mono-frequency signal. 

The focusing of the sound signals may be carried out by way of a self-focusing 
arrangement, a reflector-focusing arrangement or also with a lens-focusing arrangement. 

A piezoelectric emitter is suitable for the production of the pressure-time course 
in the target region, which is equipped with piezoceramics with natural resonances 
which differ from one another, for producing at least two different sound signals acting 
simultaneously in the target region. A piezoelectric emitter is also suitable which 
comprises at least two zones for producing at least two different sound signals acting in 
the target region. 

The method according to the invention which may also be combined with a 
picture-providing method, may be applied to biological materials such as by way of 



extra-corporal treatment of living beings, in particular within the framework of a 
minimal invasive treatment for the local temperature increase of body tissue. The 
method according to the invention however may also be applied to technical (industrial) 
materials in which in the region of a target region one is to produce locally limited 
increases of temperature. 

It is generally known that the non-linear steepening effects of the US waves 
which the application of highly intensive ultrasound entails, has the result of an energy 
transfer of acoustic energy from the base frequency of the wave to higher harmonic 
frequency components. Figures 3 shows this non-linear steepening process which leads 
to a deformation of the wave profile. An initial sine signal is deformed with an 
increasing advance, wherein an amplitude steepening occurs at the forward wavefront. 
Furthermore, these high-fi^quency components of the sound field on account of the 
damping which increases exponentially with an increasing frequency are more heavily 
damped by soft tissue [2]. In combination,^ the non-linear propagation of sound and the 
tissue damping thus leads to a non-linear increase of the induced heat wherever non- 
linearly steepened sound waves are present [9, 6, 4]. 

By way of the application of focusing US emitters one basically achieves an 
increase in the pressure amplitude which generally leads to non-linear US effects chiefly 
in the focus and pre-focus region. Simultaneously, the ultrasound-wave in the body 
tissue experiences a damping which leads to a reduction in the pressure amplitude. As 
long as the focusing gain exceeds the US damping in the tissue located in front one may 
reckon with non-linear effects in the focus region and thus with a non-linear gain in 
heating. 

In order with mono-frequency CW signals to be able to increase the non-linear 
heating gain in the target region in a directed manner, deviating from the "optimal" 
settings due to linear considerations, on the one hand the base frequency of the signal 
must be reduced in order to minimize the US damping in the tissue located in front. 
Simultaneously however, on the other hand the pressure amplitude at the emitter must be 
increased in order in the focus region to produce a sufficient pressure amplitude for non- 
linear steepening effects. Basically thus the localization of the heating may be increased 
in a practically infinite manner. From a practical point of view however, that which 
limits this is the exceeding of the mechanical loading threshold by the expansion 
components of the sound wave. This leads to undesired cavitation effects which lead to 
mechanical destruction of tissue in the tissue located in front. With the application of 
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mono-frequency CW signals as has been usual until now, the exploitation of non-linear 
effects has thus hardly been possible in practice. 

A practical realization of optimizing the localization of heating is represented in 
the patent application WO 93/19705. Here, a non-linear heating gain is achieved by way 
of the confocal superposition of two ultrasound beams of spatially separated US emitters 
which leads to non-linear intermodulation products in the focus. 

The core of the method according to the invention lies in not only accepting this 
heating caused by non-linear effects as being unavoidable, but using it as a non-linear 
heating gain in a targeted and controlled manner for optimizing the USTT in order to 
improve the localization of the heating and thus the complete USTT, and achieving this 
in that for the targeted forcing of the non-linear propagation and absorption effects in the 
focus region, one applies alternative emitter signals (in contrasts to mono-frequency CW 
signals) which, although having non-linear amplitude effects, do not lead to a 
mechanical overloading by cavitation. In contrast to the manner of proceeding which is 
described in the application WO 93/19705, here the non-linear heating gain is not 
achieved by way of the superposition of several separate US beams, but rather the 
altemative emitter signals are designed specially such that with a direct radiation from a 
single US emitter they lead to a non-linear heating gain in the focus. 

The essential advantages of this invention lie in the fact that the non-linear 
heating gain is not achieved by way of the radiation of mono-frequency CW signals, but 
by way of the application of altemative signal forms (shapes) for heating. These are 
conceived such that on the one hand the loading (thermal, mechanical) of the tissue 
located in front is reduced, on the other hand simultaneously however that significantly 
more US energy is converted by way of a non-linear heating gain in the target region. 
This leads to an improvement of the localization which simphfies the practical metering 
of the therapy in particular with deeper lying tumors, or permits the gentle treatment 
without requiring an expensive online monitoring concept for the [closed-loop] control. 
Figure 4 by way of example shows that an increase of the localization by way of the 
application of altemative signal forms (shapes) is possible (the results are those of a 
simulation tool which has been specially developed for this). In contrast to WO 
93/19705, by way of the application of a single emitter, the practical handling of the 
therapy apparatus is simplified. A confocal alignment of the mdividual emitters as is 
required with the subject matter of the application WO 93/19705 is done away with. 
Furthermore, a system consisting of several individual emitters requires a significantly 
larger US entry window into the body. This is not always present, particularly for the 
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treatment of deeply lying tissue where the targeted exploitation of the non-linear heating 
gain is decisive for the tiierapy. 

Multi-frequency CW signals, pulse signals and the combination of multi- 
frequency signal and pulse signals are considered as alternative signal forms (shapes). 

Multi-frequency CW signals (consisting of the additive superposition of at least 
two mono-frequency CW signals or chirp signals) display a cavitation effect which is 
changed with regard to mono-frequency CW signals [10] [3] [5]. Depending on the 
selection of die frequencies and their combination, by way of this the pressure 
amplitudes may be increased without producing mechanical overload by way of 
cavitation. This may be exploited for a non-linear heating gain in the target region. By 
way of adding higher harmonic frequency components (Figure 4, signal S 2) in 
comparison to the mono-frequency signal (Figure 4, signal SI) with the base frequency, 
on the one hand the expansion component of the pressure wave in the tissue may be 
fiirther reduced and on the other hand simultaneously the non-linear steepening process 
may be forced, and specifically on reduction of the radiated US power. By way of a 
superposition of the base frequency and a lower frequency component (Figure 4, signal 
S 3) in the tissue located in front on account of the weak US absorption of the low- 
frequency component, hardly any additional heating is produced, and by way of the 
additional pressure field in the target region which is produced by the concentration of 
the lower frequency component, the main field with the base frequency is brought into 
the non-linear region, which leads to a significant improvement of the localization. The 
amplitudes of the two frequency components are selected such that each signal per se 
would cause no cavitation. Since all these processes are non-linear, then the additional 
non-linear heating produced in the focus region may be a multiple of the linearly 
produced heating and thus dominate the behavior of the therapy. 

With the transition of CW signals to pulse signals, one then ftirthermore obtains 
the advantage that the superposition by way of interferences occurring with the CW 
signal, which in the regions of constructive interference lead to an increased thermal and 
mechanical loading in the tissue located in front, may be avoided. By way of this with 
the pulse signal for the same expansion loading as with the CW signal, the pressure 
amplitude at the emitter may be doubled which leads to a drastically increased non-linear 
steepening of the wave in the target region. Furthermore the pulse signal in contrast to 
the CW signal offers a lot of free space for forming the pulse. By way of pulse forming 
(shaping) in the pulse signal, one may separate the positive component which is 
responsible for the non-linear wave steepening, from the expansion component which 
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represents the cause for the mechanical loading of the tissue located in front. Thus a 
targeted amplification of the non-linear propagation may be effected by way of a short, 
strong excess pressure pulse followed by a long, drawn-out but only weak vacuum 
pressure component. This is not possible with the application of CW sine signals. A 
heating is effected by way of a high-rate pulse repetition frequency of larger than 1 kHz. 
The use of conventional pressure pulses from the field of lithotripsy are not suitable as 
alternative signal forms. These pulse forms are not conceived for heating and already 
with pulse repetition frequencies of a few Hz lead to an increased cavitation on account 
of their large expansion components. Pulse repetition rates of larger than 1 kHz which 
are necessary for heating may thus not be employed. 

Finally by way of the combination of mono-frequency or muhi-frequency CW 
signals and pulses one may achieve an optimization. Heating is effected by way of the 
pulses. The (low-frequency) CW pressure field by way of its focusing in the focus and 
pre-focus region produces a pressure bias so that the non-linearities in the US 
propagation are fiirther amplified by way of this. 
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